We investigated the shape of the liquid-liquid interface in micro counter-current flows formed within microchannels. The pressure balance at the interface was calculated based on the interface geometry. Although the shape should be an arc under laminar flow, a large deformation near the center of the microchannel was observed. In the center of the microchannel, Laplace pressure (171 -450 Pa) was induced toward the aqueous phase. In contrast, near both sidewalls, Laplace pressure (81 -166 Pa) was induced toward the organic phase. This result suggests that opposing flow occurs in the adjacent phases near the interface, with spiral-like flow generation.
Introduction
In conventional-size devices, it is difficult to form a stable liquid-liquid interface under flow, because of hydrodynamic instability. In microchips, however, investigation of multiphase microflow has progressed rapidly. [1] [2] [3] [4] [5] [6] By using the physical properties of fluids on a microscopic scale, researchers have formed parallel micro co-and counter-current flows of immiscible solutions in the laminar flow regime. [7] [8] [9] The effectiveness and usefulness of micro co-and counter-current flows have been demonstrated in various applications, such as solvent extraction. [9] [10] [11] The flow characteristics and the shape of the liquid-liquid interface can both influence chemical processes occurring at the interface. Therefore, the physical properties of micro co-and counter-current flows should be investigated. In micro counter-current flows, the contact line can be pinned at the boundary between the hydrophilic and hydrophobic surfaces along the microchannel, although the flow direction of the aqueous phase opposes that of the organic phase. The main forces involved in micro counter-current flow arise from two different pressure types. 6 The first is the pressure that drives the fluid flows. This pressure decreases in the downstream part of the flow in each phase because of the viscosity of the fluids. When the two fluids have different viscosities, the pressure difference between the two phases should be a function of the contact length and the flow velocity. The other pressure is the Laplace pressure caused by interfacial tension. The magnitude of the Laplace pressure depends on the curvature radius of the liquid-liquid interface. When micro counter-current flows are formed, the pressure difference between the two phases and the Laplace pressure are balanced at the liquid-liquid interface.
This model has been verified by examining phase separation conditions. 6 In order to verify the model in detail, the shapes of the liquid-liquid interface can be measured.
Herein, we report the shapes of the liquid-liquid interfaces in micro counter-current flows, measured by scanning a laser spot focused on the interface. The Laplace pressure was evaluated from the measured shapes of the liquid-liquid interface and compared with predicted values based on conventional hydrodynamics.
Experimental

Reagents and chemicals
In order to prevent light scattering at the glass-liquid interface, we used toluene, which has a refractive index (1.50) that is almost the same as that of Pyrex glass (1.52). 12 Toluene was purchased from Kanto Kagaku Co., Ltd. (Tokyo, Japan). Octadecyltrichlorosilane (ODS) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Distilled and deionized water having a resistivity value greater than 1.7 × 10 7 Ω cm -1 at 25 C was used. Water and toluene were saturated with each other before the experiments.
Fabrication
Microchips were fabricated by using a photolithographic wet etching method. Mechanically polished 0.7-mm-thick Pyrex glass plates were used (top and bottom plates). Inlet and outlet holes were drilled by ultrasonic sandblasting on the top plate. The plates were annealed at 570 C for 5 h before use. For good contact between the substrates and the photoresist and protection of the substrates during glass etching, 20-nm-thick Cr and 100-nm-thick Au layers were sputtered on the substrates. A 2-μm-thick positive photoresist was spin-coated on the Au metal layer and baked at 90 C for 30 min. UV light was exposed through a photomask by using a mask aligner to transfer the microchannel pattern onto the photoresist. The photoresist was developed, and a pattern with 100-μm-wide lines was obtained. The Au and Cr layers were etched with I2/NH4I and Ce(NH4)2(NO3)6 solutions. The bare glass surface with the microchannel pattern was etched with a 50% HF solution at an etching rate of 13 μm/min. After glass etching, the remaining photoresist was removed in acetone and metals were removed in I2/NH4I and Ce(NH4)2(NO3)6 solutions.
Selective surface modification
The selective surface modification was undergone by using the procedures reported previously. 12 The upper half of the microchannel for the aqueous phase flow was carefully washed with sodium hydroxide solution to obtain a hydrophilic surface, while the lower half for the organic phase flow was modified with octadecyltrichlorosilane (ODS) to obtain a hydrophobic surface.
Operating procedures
The experimental setup for flow control was similar to that in our previous paper. Briefly, the aqueous and organic phases were introduced from microsyringes, and the flow rates were controlled by microsyringe pumps. A Teflon tube connected the syringes to Teflon blocks, which were pressed onto an inlet of the microchip. All experiments were performed at 25 C.
Apparatus
The shapes of the liquid-liquid interface were measured by laser spot positions, which were focused at the interface with an objective lens with a numerical aperture of 0.60 and 40× magnification (LCPlanFl; Olympus). A YAG laser (λ: 532 nm) was used. The laser spots were scanned by utilizing motorized xy-stages and a z-axis focus controller unit for a microscope (Sigma Koki, Tokyo, Japan).
Results and Discussion
In order to form micro counter-current flows, we used a microchip with patterned surfaces, as we described in a previous paper.
9 Figure 1 shows the microchannel, in which the upper half was a hydrophilic surface and the lower half was a hydrophobic surface. The microchannel had a width of 320 μm, a depth of 180 μm, and a liquid-liquid contact length of 4 mm. In this microchip, a liquid-liquid interface forms parallel to the microchip substrate plane. The shape of the liquid-liquid interface was measured by scanning a laser spot that was focused on the liquid-liquid interface. The laser was introduced from the organic phase side to prevent light scattering at the solid-liquid interface, and the reflection was observed.
The position of the contact line was fixed at the boundary between the hydrophilic and hydrophobic surfaces. For flow vectors perpendicular to the section plane, the pressure in the cross section of each of the two phases should be constant. Therefore, a constant pressure difference should be induced across the liquid-liquid interface in the cross section, and the shape of the liquid-liquid interface should be a circular arc. Since the pressure difference between the two phases depends on microchannel position, the radius of the arc should also depend on position. Therefore, the shape of the liquid-liquid interface was measured at five points with a 1-mm interval. Figure 2(a) illustrates the coordinate system employed in the measurement of the liquid-liquid interface. The x-axis and x = 0 correspond to the direction along the microchannel and the upstream confluence of the aqueous phase, respectively. The y-axis and y = 0 correspond to the depth direction and the boundary between the hydrophilic and hydrophobic surfaces, respectively. There are zero-velocity points near the liquid-liquid interface in micro counter-current flows based on the analytical solution. 13 The model for the analytical solution assumed the position of the liquid-liquid interface generated at y = 0. The zero-velocity points shift across the liquid-liquid interface with changing flow rate ratio. By using the analytical solution, one finds that there is a zero-velocity point in the organic phase some distance away from the liquid-liquid interface for the water and toluene flow rates of 1.0 and 2.0 μL/min. In contrast, the zero-velocity point is in the organic phase near the liquid-liquid interface for the water and toluene flow rates of 1.0 μL/min. The measured shapes were deformed toward the organic phase, and the experimental data were fit by the arc of a single circle, shown as a broken line. The shape at x = 4 mm was fit to the arc of a single circle, with a radius of curvature and a resulting Laplace pressure of 790 μm and 44.8 Pa, respectively. However, the shapes from x = 0 to x = 3 mm could not be well-fit by a single arc. These interfaces were significantly deformed near the center of the section. To improve the fit, we used three arcs instead of one; the solid lines in Fig. 2(c) show the resulting RMS fitting curves, each constructed from the arcs of three circles. These three-arc curves fit the data well.
In order to investigate the shapes presented in Fig. 2(c) , the pressure balance at the liquid-liquid interface was considered. Figure 3(a) shows the Laplace pressure, where the arrows correspond to the direction of the Laplace pressure. The Laplace pressures near the center of the microchannel were induced from the organic phase to the aqueous phase. In contrast, the Laplace pressures on the wall-side were induced from the aqueous phase to the organic phase. The Laplace pressures at x = 0 -3 were calculated from the fitting curves shown in Fig. 2(c) , with results summarized in Table 1 . A representative pressure distribution is shown in Fig. 3(b) . In the aqueous phase, the pressure Paq near the center of the microchannel is higher, while Paq near the sidewall is lower, so that a flow from the center of the microchannel to the contact line is generated near the liquid-liquid interface. By contrast, in the organic phase, the pressure Porg in the center of the microchannel is lower, and Porg near the sidewall is higher, so that a flow from the contact line to the center of the microchannel is generated near the liquid-liquid interface. To preserve mass balance, a flow from the sidewall to the center of the microchannel should be generated in the aqueous phase, as shown in Fig. 3(b) . Similarly, a flow from the center of the microchannel to the sidewall should be generated in the organic phase. Considering the flow velocity along the microchannel, this result suggests spiral-like flow in the micro counter-current flows. The deformation of the liquid-liquid interface may generate secondary flows in the micro counter-current flow of low Reynolds numbers.
A possible result of secondary flow generation is the creation of zero-velocity points, or places at which the flow direction changes. The analytical solution assumed the fixed position of the liquid-liquid interface. Actually, the points shift across the liquid-liquid interface with changing flow rate ratio or with a changing position of the liquid-liquid interface. When deformations are generated, the zero-velocity point near the center of the microchannel and the sidewall may be in the aqueous phase and the organic phase, respectively. The aqueous phase flows toward the output of the organic phase near the center of the microchannel. However, since the two phases are separated at the confluence, a flow toward the sidewall, in which the flow direction is toward the output of the aqueous phase, should be generated. Similarly, flow toward the center of the microchannel should be generated in the organic phase.
The observed interface differed in shape from the prediction, in which the pressure difference between the two phases due to viscosity was balanced by the Laplace pressure generated by the interfacial tension. To explain the observed deformation, one must consider additional forces. One possibility arises from the physical properties of the contact line, which consisted of water, organic solution, hydrophilic surface, and hydrophobic surface. Liquid shapes on chemically structured surfaces consisting of hydrophilic stripes on a hydrophobic substrate have both stable and metastable states. 15 In micro counter-current flows, the liquid-liquid interface may be deformed when the flow transitions from a stable state to a metastable state. Another possibility is slip at the liquid-liquid interface, as proposed by Koplik, due to the opposing flow directions of the two phases. 16 Secondary flows and altered physical properties at the liquid-liquid interface may influence chemical processes that occur at or through the liquid-liquid interface. The secondary flows may produce a mixing effect near the liquid-liquid interface, and altered physical properties at the liquid-liquid interface could influence molecular adsorption at the liquid-liquid interface. Therefore, further investigation of the flow and physical properties at the liquid-liquid interface in micro counter-current flow is important for microfluidic chemical processes, such as the lab-on-a-chip or miniaturized total analysis systems (μ-TAS).
Conclusions
In conclusion, we measured the shape of the liquid-liquid interface in micro counter-current flows. We found a large deformation of the interface near the center of the microchannel under certain conditions.
The pressure distribution was calculated from the shape of the liquid-liquid interface using the Young-Laplace equation. The results suggested spiral-like flow in the micro counter-current flows. We have reported that the micro counter-current flows promoted rapid solvent extraction under continuous flow with high recovery efficiency. The spiral-flow can enhance the molecular transport through the liquid-liquid interfaces because of the mixing effect near the liquid-liquid interface. Therefore, more rapid solvent extraction is expected under the spiral-flow conditions. In the future, we will analyze the streamlines of micro counter-current flows by micro particle image velocimetry. 17 
